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Fig. 3 MHeat-transfer characteristics when Np, = 530.

give us some indication about the reliability of these models;
as conditions of maximum drag reduction are well defined.

In Fig. 1 comparisons between the different models when
Prandtl numbers are 5 and 50 were done. It seems that
when Np. = 5 the model suggested in this study is closer to
the experimental results than the other models; however, the
differences in the values of Nusselt numbers predicted by the
different models are not large. In the case of Np, = 50 these
differences are much larger, the suggested model of this study
is close to Chilton-Colburn curve as well as to Smith et al.
curve. The Wells model is less close and the Poreh and Paz
model is very far from both of these curves. The values of the
friction coefficient in the Newtonian case as well as maximum
drag reduction were shown too in this figure.

In Figs. 2 and 3 the values of (Ns)) (N p,)%¢ as a function of
Reynolds number according to the different models are shown.
Also from these figures it seems that the model suggested in
this study can describe quite accurately heat-transfer phe-
nomena for quite wide ranges of Prandtl as well as Reynolds
numbers.
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Drag Reduction by Use of MHD
Boundary-Layer Control
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1. Introduction

RAG reduction for fully submerged vehicles has received
considerable attention during the past decade.! The
addition of polymer additives to the fluid in the boundary
layer, preventing transition to a turbulent boundary layer by
means of area or slot suction, and the optimization of vehicle
shape are the methods of drag reduction that have been stud-
ied. Application of these methods has not been made, how-
ever, because of the practical problems associated with each
of the proposed methods.

The method proposed here is similar to the suction method
in that the boundary profile is altered to prevent transition to
a turbulent houndary layer. The boundary-layer control
would be eftected by utilizing the Lorentz force that may be
made to act on a conducting fluid particle moving in a mag-
netic field. An optimum magnetic field distribution will be
sought to maintain a laminar boundary layer, thus achieving
drag reduction and noise reduction at the same time.

Idealized problems of the motion of conducting fluids in the
presence of external magnetic fields have been examined by
many investigators with various inconeclusive results. Hart-
mann and Lazarus? found that the transverse magnetic field
was to Increase the pressure gradient for the channel flow of
mercury which was originally laminar, but increase of field
strength produced a decrease in pressure gradient up to a cer-
tain point for the flow which was originally turbulent.
Murgatroyd® was able to suppress turbulence at Reynolds
number of 10% by applyving a transverse magnetic field to a
channel flow of a mercury. Harris* extended the dimen-
sional analysis in hydrodynamic flows to the magneto-fluid-
mechanic channel flow utilizing the experimental data of
Hartmann and Lazarus, and Murgatroyd. Rassow® studied
the laminar boundary-layer flow of ionized gas over a flat
plate in the presence of a transverse magnetic field and found
that the skin friction was reduced but the total drag in-
creased.

Our discussion will be mainly focused upon the sub-
merged vehicles under seawater. The momentum integral
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method is used for its simplicity and relative accuracy as
noted by Heywood and Moffatt.? The velocity profiles are
approximated by a one parameter family, combining the
Blasius profile and the asymptotic suction profile. The
choice of suction profile should be quite good since the work
by Lykoudis” indicated the similarity between sucking effect
to the ordinary fluid mechanic boundary layer and the trans-
verse magnetic field eftect to the magneto-fluid mechanie
boundary layer for a large Hartmann number.

2. Boundary-Layer Analysis

It is assumed that a semi-infinite flat plate is moving
through a conducting incompressible fluid with a constant
velocity U, parallel to its own plane. DC magnetic field
lines are applied perpendicular to freestream velocity to just
maintain the laminar boundary layer on the verge of transi-
tion. The electric field E and the magnetic field B are related
by E = —U, X B, thus limiting the Lorentz force effect to
the boundary layer. The regular magnetohydrodynamic
approximations® are also used here.

By incorporating the assumptions given above we can
simplify the fundamental equations, consisting of Maxwell’s
equations, incompressible form of modified Navier-Stokes
equation, equation of continuity, and generalized Ohm’s law.*

After some simplification the component equations are re-
duced to

wu/dx + vdu/dy + oBYp(u — Uy) =
v(0%u/0x% -+ 02u/dy?) (1)
udv/0x + wWw/dy = v(dWw/dz? + O%/dy2) (2)

Since we are mainly interested in boundary-layer flow, the
appropriate boundary-layer approximations! can be applied
to the above equations to obtain

udu/dz + wu/dy + oB2/p(u — U,) = v/ (3)

In addition, we also have the equation of continuity

du/dx + dv/dy = 0 @
and the boundary conditions
y=0 u=0, »=90
(5

w="U, v=0u/dy=0

In the Eqgs. (1-5), z is the distance along the plane; y is the
distance perpendicular to the plane; u and » are the velocity
components in the boundary layer, parallel and perpendicular
to the wall; o is the conductivity of fluid; p is the density of
fluid; » is the kinematic viscosity.

The momentum integral method is applied to solve these
boundary-layer equations. The first relationship is obtained
from Egs. (3) and (4), and the second relationship is ob-
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Fig. 2 Hartmann number distribution along the surface.

tained by applying the streamwise component of a momen-
tum equation at the wall. These two equations are then
nondimensionalized with the aid of the freestream velocity
U.. and a constant length of reference L. The velocity pro-
files in the boundary layer are approximated by a one param-
eter family.! The final forms of the two relationships are

dRy/dz + H*[L — K(2 — 6/7)|Ro/R1g(k) =
g(K)[1 + K(1 — «/6)]R:/Rs (6)
H? = (1 + K)g(K)’R:*/Ry? %

where Ry = U,8/v is the Reynolds number based on the mo-
mentum thickness and freestream velocity; Rr = U,L/v is
the Reynolds number based on the reference length L and
freestream velocity; H = BL(¢/7)Y? is the Hartmann num-
ber; K is the velocity profile shape factor; Z = z/L and
g(k) = 0.5 + 0.06656K — 0.02358K?.

3. Numerical Solution

Equations (6) and (7) are two equations for three un-
knowns; Re(%), H(Z) and K(f). There is no need for ap-
plied magnetic field near the leading edge at # = 0, where we
should have a laminar boundary layer. The Eqgs. (6) and (7)
can then be solved simultaneously for Ry and K, with H set
equal to zero. This solution should be the Blasius solution.
In this domain the boundary layer is suberitical up to a point
Z, where Ry attains the critical value. From that point on-
wards, calculation of the boundary-layer parameters are per-
formed to maintain a critical boundary layer. For this con-
dition we can use the graph obtained by Tetervin and Le-
vine,!! giving the critical momentum-thickness Reynolds
number Ry, as a function of K, which provides the third equa-
tion for the three unknowns.

Equations (6) and (7) can be combined to eliminate H
and give the following differential equation

dRy/dz = (Ri/Re)g(K)IK2 — /6 — 6/7) +
K2 — 6/m] (8

with the initial condition
T=f=74X10"% Ry =225, H=0, K=-1 (9)

which is corresponding to U, = 80 fps, L = 20 ft, and
y = 107% ft?/sec. The Runge-Kutta method was used to
integrate Eq. (8) numerically in conjunction with the graph
relating Ry, to K. The computer results are summarized in
Fig. 1 and Fig. 2.

4. Summary

Momentum-thickness Reynolds number inecreases asymp-
totically with distance as expected, but the rate of increase is
rather slow. Hartmann number, which is proportional to
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magnetic field, increases very rapidly from zero at £ = 7.4 X
10~4 to about 5 X 10* at & = 2.13 X 1073, then drops off
very slowly toward zero. This characteristic is also expected
from its analogy to suction case. Although the rather rapid
change of Hartmann number near the leading edge might
jeopardize our approximate analysis, the order of magnitude
obtained should be useful to evaluate the efficiency of mag-
netohydrodynamic boundary-layer control.

When seawater is used as an example the required maximum
magnetic flux density is about 1.5 X 10° Gauss. Magnetic
field of this order may be practical with recent advancement
in superconducting magnet and additional incentive given by
noise reduction effect. The magnetic Reynolds number is
found as R,, = uoU.L = 5.6 X 1074 which is much smaller
than unity and our assumption as to neglect the induced
magnetic field is valid.

One basic problem which is not studied here is the rela-
tionship between Hartmann eftect and turbulence-damping
eftect, which should be significant at a large magnetic field.
Detailed account of the derivations leading to the equations
given in this paper can be found elsewhere.!?
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